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Energetic status of the cell is one the most important factors of its
normal physiological functioning. Meanwhile its experimental eval-
uation is not always possible and reasonable due to high costs and
invasiveness. Theoretical description of ATP production in the cell
can be possible using existing data about the structure, functioning
and spatial distribution of energoproducing systems. The FoF1-
ATPsynthase is one of the key enzymes in energy supplying in almost
all living systems. This enzyme is an attractive research target due to
its high mechanical complexity. Nevertheless, some key issues
regarding energy conversation during the FoF1-ATPsynthase catalytic
cycle are still unclear.
The issue of rotational catalysis convertibility arises in the step that
describes the rotormovement and proton translocation. This is one of the
features that causes difﬁculty in the creation of a universal model of ATP
synthesis. In this work, we provide a theoretical description of FoF1-
ATPsynthase catalytic cycle using combined mathematical ap-
proaches. Thus, the mechanism of Fo can be nominally described as
the complexity of the rotation of protein subunits and proton
translocation through membrane half-channels, which is an obliga-
tory step in the transformation of the accumulated energy. The
description of the above processes can yield the time of proton
translocation and the mechanism of energy transformation and its
transition to ATP-binding sites. Langevin dynamics is used for the
rotation of the central protein core and the Monte-Carlo method
helps to model nucleotide and proton binding. This approach is the
ﬁrst in which both ATP synthesis and hydrolysis can occur depending
on the nucleotide concentration and system conditions. The calculat-
ed rates are close to the experimentally measured rates of ATP
functioning. The model has been formalized as a computer simulation
Program of ATP Synthesis and Hydrolysis (PASH) that allows
researchers to evaluate ATP production both for one enzyme and for
dirrefent types of cells. Flexibility of parameter settings in synthesis
and hydrolysis of active enzymes and their regulation allows
universal application of this approach in the evaluation of cell
energetic status.
doi:10.1016/j.bbabio.2012.06.060
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Structure of the Fo/Vo-hybrid ATP synthase rotor ring from
Acetobacterium woodii at 2.4 Å resolution
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F-type ATP synthases typically harbor c-subunits of approximately
8-9 kDa that form oligomeric rings of 8-15 monomers with one ion-
binding site per subunit. Each c-subunit in the ring forms a hairpin-
like structure in the membrane with an innerα-helix, a cytoplasmatic
loop and an outer α-helix. The membrane rings in eukaryotic V-type
ATPases and archaeal A-type ATP synthases often have analogous but
duplicated c-subunits with four instead of two transmembrane
α-helices, harboring either one or two ion-binding sites per subunit.
The anaerobic, acetogenic bacterium Acetobacterium woodii has a
Na+-driven F-type ATP synthase, which contains a unique rotor
composed of c-subunits of both types and transmembrane topologies.
The enzyme is encoded by an atp-operon comprising 11 genes
(atpIBE1E2E3FHAGDC) with three genes coding for two different
c-subunits: atpE1 codes for a duplicated c-subunit, c1, whereas atpE2
and atpE3 code for single hairpin c-subunits, c2 and c3. We solved the
structure of the A. woodii c-ring by X-ray crystallography at 2.4 Å
resolution. This high resolution structure conﬁrms earlier indications
that this c-ring consists of c1:c2/3 subunits in a 1:9 stoichiometry. All
c2/3-subunits (single hairpin) exhibit a Na+-binding site. A conserved
glutamate residue in the locked conformation, halfway along the
outer helix, three other carbonyl/hydroxyl groups and a water molecule
are involved in Na+-coordination. Interestingly, the c1-subunit
(double hairpin) contains only one Na+-binding site, of identical
make-up. In the second site, a glutamine replaces the conserved
glutamate, and prevents Na+-binding. Hence, the c-ring from the A.
woodii ATP synthase carries 10 sodium ions across the membrane per
360-degree rotation. Similar to some of the V-type c-subunits, the c1-
subunit has an N-terminal extension, which is also visible by atomic
force microscopy. In summary, we present the ﬁrst atomic-resolution
structure of a heteromeric ATP synthase ring with intriguing
mechanistic implications.
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ε subunit suppresses ADP-inhibition of Bacillus
subtilis F1-ATPase
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ADP-inhibition is well known phenomenon common to all F1-
ATPases so far examined. The entrapment of ADP-Mg at catalytic sites
stops catalytic turnover. The inhibition by the ε subunit is also known
as a commonmechanism among F1-ATPases from bacteria and plants.
The ε subunit inhibits ATPase activity of F1-ATPase by changing its
conformation. Both of the inhibitions may concern with the
regulation of ATP synthase. It has not been settled if inhibition by
the ε is due to the stabilization of ADP-inhibition [1, 2] or not [3].
Since both inhibit ATPase activity, it is difﬁcult to distinguish
which inhibition is responsible for the inhibition at the particular
moment.
We have constructed overexpression systems of α3β3γ complex
and ε subunit of F1-ATPase from Bacillus subtilis (BF1), and performed
kinetic characterization of α3β3γ complex (BF1(-ε)) and recon-
stituted α3β3γε complex (BF1(+ε)). The ADP-inhibition of BF1 was
so strong that it was activated more than ×100-fold by the addition
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of LDAO. On the other hand, the inhibition by the ε subunit of BF1 was
not observed at all. Even the activation by the ε subunit was
observed with low concentrations (b50 μM) of ATP. This allowed us
to examine relationships between ADP-inhibition and ε subunit in
more detail.
We have thought that the activation by the ε subunit was due to
the suppression of ADP-inhibition by the ε subunit. Indeed, BF1(+ε)
required ×10 more ADP to be suppressed by the pre-incubation than
BF1(-ε).
We further prepared a mutant BF1(+ε) which contained cystein
residues in the N-terminus of the γ subunit and C-terminus of the ε
subunit to ﬁx the conformation of the ε subunit in the “extended-
state” as previously reported for TF1 [4]. The mutant showed ×10
higher ATPase activity with 2 mM ATP with ε subunit ﬁxed in the
extended-state. When LDAO was added, the mutant showed no
activation, indicating that mutant BF1(+ε) did not fall in the ADP-
inhibition with the extended-state ﬁxed ε subunit.
Taking all these into account, it was concluded that the ε subunit
prevents ADP-inhibition and these two inhibitions are essentially
exclusive of each other.
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We have successfully immobilized the F1 subunit of the H+-
ATPsynthase onto a 200 nm polystyrene bead and measured its
activity. The enzyme was genetically modiﬁed so that each of the γ-
subunits contained a histag at the N-terminus, and a cysteine in the β-
subunit. The polystyrene bead was PEGylated which reduced the
enzyme's interaction with the bead surface and preserved its activity.
The F1 subunit was attached to the bead via NTA (nitrilotriacetic
acid), which binds the PEG, Ni2+ to the histag of the enzyme. Activity
of the coupled ATPase was veriﬁed by a coupled enzymatic test in
which the pyruvate product of ATP hydrolysis is detected through
changes in NADH concentration by UV spectroscopy. The observed
decrease in the NADH concentration in the presence of bead-coupled
ATPase is only possible if the enzyme retains its activity. The number
of F1 molecules attached to each bead was determined by simulta-
neously attaching a gold nanoparticle to the cysteine modiﬁed
subunit and imaging the bead-enzyme-nanoparticle complexes with
TEM. By varying the concentration of the enzyme we have been able
to show the concentration dependence of the binding. A quantitative
comparison of the bound (bead) and free (solution) enzyme activities
is presented.
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The FoF1-ATP synthase plays an essential role in the unicellular
parasite Trypanosoma brucei, an important pathogen of humans and
livestock that alternates between an insect vector and a mammalian
host. Interestingly, the function of the mitochondrial (mt) FoF1-ATP
synthase differs between the insect and mammalian stages, pro-
ducing ATP in the former while consuming ATP to maintain the mt
membrane potential (mt ΔΨ) in the absence of a cytochrome-
mediated respiratory chain in the latter. Importantly, this indispens-
able activity of the FoF1-ATPase complex can be speciﬁcally inhibited
by the natural inhibitory protein, IF1, which has an expression proﬁle
that is only detected in the insect stage of the parasite. However,
when an ectopic T. brucei IF1 (TbIF1) is over-expressed in the
mammalian stage, the mt ΔΨ collapses and leads to the death of the
infectious stage of the parasite. Crucially, this in vivo expression of
TbIF1 inhibits only the ATPase activity without interfering with ATP
synthesis. Additional characterization studies using recombinant
TbIF1 indicate that this protein has a slightly acidic pH optimum for
binding to the puriﬁed Tb-F1-ATPase, which correlates to the
physiological pH of the mt matrix when the mt ΔΨ decreases and
triggers ATP hydrolysis. Further similarities to the higher eukaryotic
bovine IF1 model are limited though, because while the amino acid
sequence of TbIF1 is moderately similar to that of bovine IF1, the
bovine protein does not inhibit the Tb-F1-ATPase and vice versa. This
exciting result presumably reﬂects key differences in the TbIF1
protein sequence and structural regions that interact with Tb-F1-
ATPase. Therefore, a series of truncated and mutated TbIF1 proteins
were prepared to map the essential residues and motifs necessary for
the interaction between TbIF1 and Tb-F1-ATPase. Our results suggest
that it is possible to speciﬁcally inhibit the ATPase activity of the FoF1-
ATP synthase, an essential activity for the parasite but not for the
host, which utilizes the conventional activity of this complex to create
ATP. Therefore, the T. brucei FoF1-ATPase is an attractive drug target.
doi:10.1016/j.bbabio.2012.06.064
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Role of the mitochondrial ATP synthase central stalk subunits γ
and δ in the activity and assembly of the mammalian enzyme
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The central stalk of mitochondrial ATP synthase (ATPase)
consisting of subunits γ, δ, and ε, constitutes the rotoric domain of
the enzyme, along with the membraneous subunit c oligomer. The
stalk interaction with the hexamer of α and β subunits transduces
torque into conformational changes in the catalytic domain, thus
driving ADP phosphorylation. Our previous studies showed that
deﬁciency of the smallest subunit ε, caused either by mutation in the
ε-coding gene in a rare mitochondrial encefalomyopathy, or induced
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